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Abstract
Background
Cryptosporidium is a major pathogen associated with diarrheal disease in young children.
We studied Cryptosporidium diarrhea in children enrolled in the Global Enteric Multicenter
Study (GEMS) in rural Gambia.
Methods
We recruited children <5 years of age with moderate-to-severe diarrhea (MSD) for 3 years
(2008–2010), and children with either MSD or less severe diarrhea (LSD) for one year
(November 2011-November 2012) at sentinel health centers. One or more randomly
selected controls were matched to each case. Stool samples were tested to identify Crypto-
sporidium by immunoassay. A subset of randomly selected case-controls pairs were tested
for Cryptosporidium species. We investigated the epidemiology of, and evaluated possible
risk factors for, Cryptosporidium-positive diarrhea.
Results
We enrolled 1938 cases (1381 MSD, 557 LSD) and 2969 matched controls; 231/1929
(12.0%) of diarrhea cases and 141/2962 (4.8%) of controls were positive for Cryptosporid-
ium. Most Cryptosporidium diarrhea cases (85.7%, 198/231) were aged 6–23 months, and
most (81.4%, 188/231) occurred during the rainy season. Cryptosporidium hominis (C.
hominis) was the predominant (82.6%) species. We found associations between increased
risk of Cryptosporidium-positive MSD or LSD, or both, with consumption of stored drinking
water and certain animals living in the compound—cow, cat (MSD only) and rodents (LSD
only). Larger households, fowl living in the compound, and the presence of Giardia infection
were associated with decreased risk of Cryptosporidium MSD and LSD.
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Conclusion
Cryptosporidium-positive diarrhea is prevalent in this setting, especially at 6–23 months of
age. The preponderance of Cryptosporidium infection in the rainy season and increased risk
of Cryptosporidium-positive diarrhea with consumption of stored drinking water suggest
water-borne transmission. Further investigation is needed to clarify the role of animals and
contamination of stored drinking water in Cryptosporidium transmission.
Author summary
Cryptosporidium, a protozoan parasite, is one of the most common diarrheal pathogens in
young children living in developing countries. We describe the prevalence and risk factors
for Cryptosporidium diarrhea in under-five children in The Gambia using data from the
Global Enteric Study (GEMS), conducted in seven developing countries in Asia and
Africa (2008–2012). We enrolled 1938 diarrhea cases and 2969 matched controls. We
found that 12.0% of diarrhea cases and 4.8% controls were positive for Cryptosporidium.
Most (85.7%) Cryptosporidium diarrhea cases were aged 6–23 months, and most (81.4%)
occurred during the rainy season. Cryptosporidium hominis was the predominant species
(82.6%). We found that consumption of stored drinking water and animals (cow, cat,
rodents) living in the compound are potential risk factors for Cryptosporidium diarrhea.
Improved drinking water storage may reduce the burden of Cryptosporidium diarrhea in
a resource poor hygienic and sanitation setting.
Introduction
Diarrhea is the second leading cause of morbidity and mortality in children less than 5 years
old, causing approximately 600,000 annual deaths, mostly in developing countries [1]. Crypto-
sporidium, a protozoan parasite, is transmitted like other diarrheal pathogens by the fecal-oral
route and is more prevalent in patients with HIV/AIDS, in whom it causes severe and pro-
longed gastrointestinal illness [2–5]. However, the recent Global Enteric Multicenter Study
(GEMS) found that Cryptosporidium was the third most common pathogen contributing to
moderate-to-severe diarrhea (MSD) in children aged less than 5 years, irrespective of HIV
prevalence [6, 7]. A multisite birth cohort community-based study (MAL-ED) also detected a
high burden of Cryptosporidium associated mild and severe infectious diarrhea among chil-
dren aged 0–24 months [8, 9]. In addition to the substantial burden of gastroenteritis, Crypto-
sporidium with or without concomitant diarrhea has been associated with growth faltering and
weight loss [10–13], and with lowered physical fitness, decreased cognitive function [14] and
increased mortality [2, 6, 7]. Cryptosporidium is associated with an estimated 48,000 global
deaths per year in children aged less than five years [12].
In sub-Saharan Africa, the prevalence of, and risk factors for Cryptosporidium infection
have been studied mostly through cross-sectional surveys over limited time periods with rela-
tively few Cryptosporidium-positive cases [15–18]. The MAL-ED study documented risk fac-
tors of Cryptosporidium only in diarrhea cases of any severity and the effect of co-infection
with other enteric pathogens were not assessed [19]. In contrast with the global burden and
severity of diarrheal disease with Cryptosporidium, information on transmission in developing
countries is limited [20, 21]. GEMS was a comprehensive study conducted for several years
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and using standardised diagnostic methods to determine the disease burden, epidemiology
and risk factors for a wide variety of pathogens that may cause diarrhea (23–26). The GEMS
study detected that Cryptosporidium was among the leading etiologies of MSD in eastern Gam-
bia, accounting for 12% and 8% of MSD in 0–11 months and 12–23 months, respectively [6].
In this paper we report secondary analyses of GEMS data in The Gambia in order to character-
ize the epidemiology of Cryptosporidium infection in diarrhea cases and their controls and to
identify risk factors for Cryptosporidium-associated diarrhea.
Methods
Ethics statement
The study was approved by The Gambia Government/MRC joint Ethics Committee (SCC #
1054) and IRB of University of Maryland, Baltimore (HM-HP-00040030). Written informed
consent was obtained from parents or guardians of study participants.
Study population and study subjects
Study area. The Gambia GEMS site was located in Basse, a rural area of 1,111 km2 in the
Upper River Region (URR) of eastern Gambia with a population included in Basse Health and
Demographic Surveillance System (BHDSS). The population was enumerated at household
visits every four months with records of births, deaths, vaccination, marriage, and migration
in and out of the surveillance area. HIV prevalence is low (<2%) in this setting [22], but
malaria is endemic. Houses usually have walls and floors of mud or clay bricks. Roofs are usu-
ally thatched of long grass or made of corrugated tin. The average number of household mem-
bers is about 25, and many families live together in the same courtyard. Most of the
households (97%) have a traditional pit latrine. The households usually have domestic animals,
including chickens, goats, cattle, donkeys, and horses. Most of the inhabitants (75%) are sub-
sistence farmers producing maize and groundnuts; and a much smaller proportion are
involved in small-trade business. The mean per capita income in The Gambia is US$ 440 per
annum [23]. There are two distinct seasons, the dry season from November to April, and the
wet and rainy season from May to October.
Cases. The case definition, selection and enrollment criteria have been described else-
where [6, 24]. In summary, children aged 0–59 months with diarrhea who resided in the
BHDSS area and sought care at any of six sentinel health centres were eligible for screening.
Diarrhea was defined as passage of 3 or more loose or watery stools (as perceived by the
mother or caretaker) in a 24-hour period [25]. Enrollment was confined to children with an
acute diarrheal episode, defined by onset of illness within the last 7 days and no diarrhea for at
least 7 days before the onset of the current episode. For the initial 3 years (December
2007-December 2010), only children with MSD were enrolled. MSD was defined as diarrhea
with the presence of at least one of the following criteria: sunken eyes, reduced skin turgor, vis-
ible or reported blood in the stool, administration or prescription of intravenous fluid, or rec-
ommendation of hospitalization. In the final year (November 2011-November 2012), children
with either MSD or less severe diarrhea (LSD) were eligible for enrollment. LSD was defined
as diarrhea that did not meet any of the criteria for MSD. Eligible children were enrolled after
obtaining consent and adequate stool (at least 3 gm).
Controls. For each case, one or more randomly selected controls were enrolled. Controls
were residents of the BHDSS population, had no diarrhea in the last seven days, and were
matched by age (± 2 months for cases aged 0–11 and ± 4 months for cases aged 12–59
months), sex and community. Controls were enrolled within 2 weeks of the corresponding
case’s enrollment.
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Stool sample collection and laboratory testing. Both cases and controls provided a stool
sample at the time of enrollment. GEMS used a standardized protocol for stool collection,
transport and processing [24, 26]. Samples were tested for a wide range of pathogens, includ-
ing Cryptosporidium [24, 26]. A commercial immunoassay (Tech Lab, Inc, Blacksburg, VA,
USA) was used for Cryptosporidium testing. Samples from a randomly selected subset of case-
control pairs, as well as 10 subjects who died, were tested to by TaqMan Array Card (TAC)-
based real-time polymerase chain reaction (PCR) [27].
Cryptosporidium diarrhea cases. MSD or LSD cases positive for Cryptosporidium by EIA
were designated as Cryptosporidium diarrheal cases. Cryptosporidium diarrheal cases and their
matched controls were used to investigate risk factors for Cryptosporidium-associated diarrhea
(Fig 1).
Data collection. Data collection in GEMS has been described elsewhere [6, 24]. In brief,
we collected information on socio-demographic, drinking water sources, sanitation and
hygienic facilities and the presence of animals in the compound from parents or caretakers
during enrollment of cases at Sentinel Health Centres (SHCs) and controls at home. Anthro-
pometric measurements including weight and height or recumbent length were taken using
standardized procedures [24].
Data management and analysis
Analysis was done using SAS version 9.4 (SAS Institute, Cary, NC, USA), Stata SE 12.0 (Stata-
Corp. 2011, College Station, Texas, USA), R 3.5.1 [28] and Microsoft Excel. Results with
p< 0.05 were generally considered statistically significant; we used p< 0.10 in evaluating dif-
ferences between associations with Cryptosporidium-positive MSD and LSD in multivariable
modeling (i.e., in evaluating interaction terms).
Fig 1. Flow chart of enrollment of Cryptosporidium diarrhea cases and their matched controls. �Crypto -CryptosporidiumMSD =
Moderate-to-severe diarrhea LSD = Less Severe Diarrhea.
https://doi.org/10.1371/journal.pntd.0007607.g001
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Proportions were measured for categorical data. Differences in proportions were assessed
by chi-square test. Continuous data were described by means (SD) or medians (range). Data
on building materials and household possessions (e.g., electricity, television, radio, phone,
bicycle, car, boat, refrigerator and finished floor and number of sleeping rooms in the dwell-
ings) were used to construct a wealth index [24, 29] as a measure of socio-economic status.
Length or height was determined as the median of three repeated measurements. A height-for-
age Z-score (HAZ) was calculated according to WHO guidelines (31), with HAZ< -2 used to define
low height-for-age or stunting. Extreme HAZ values of (<-6 or>+6) were excluded from analysis.
The attributable fraction in the exposed (AFE) was calculated for the age range (0–23 months)
for which Cryptosporidium was a significant pathogen for the entire GEMS study. From the popu-
lation attributable fractions and total estimated cases with Cryptosporidium identified at the Gam-
bia site [6, 30], the number of cases attributable to Cryptosporidium was estimated for the age
groups 0–11 months and 12–23 months, separately for MSD and LSD. AFE is the ratio of the
number of cases attributable to Cryptosporidium to the total cases positive for Cryptosporidium.
Associations of Cryptosporidium with diarrhea overall and within strata of age, sex, season,
and type of diarrhea (MSD or LSD) were evaluated using conditional logistic regression.
Analysis of associations with Cryptosporidium-positive diarrhea was restricted to Cryptospo-
ridium-positive cases and their matched controls. First we fit univariate conditional logistic
regression models for any Cryptosporidium-positive diarrhea with single factors as covariates.
Starting with variables associated with Cryptosporidium-positive diarrhea with a p� 0.2 thresh-
old, we fit multivariable conditional logistic regression models using a backward elimination
stepwise process to identify a set of factors, each associated with p< 0.05. We then developed
separate models for MSD and LSD by including the interaction of each factor with an indicator
variable for MSD or LSD. We could not include a “main effect” for MSD/LSD because cases
and controls were matched on MSD/LSD. We evaluated associations with socio-demographic
variables, breastfeeding status, water source and hygiene variables, animals living in the com-
pound, HAZ score, and presence of other potential pathogens (rotavirus, Shigella, norovirus,
adenovirus 40/41, ETEC-ST, Giardia, Entamoeba histolytica, and Ascaris lumbricoides).
Results
Descriptive Epidemiology of Cryptosporidium infection in cases and
controls
We enrolled 1938 cases (1381 MSD and 557 LSD) and 2969 matched controls (Fig 1). Of the
study participants tested for Cryptosporidium, 231 of 1929 cases (12.0%) and 141 of 2962 con-
trols (4.8%) were positive (p = <0.001); data for Cryptosporidium were missing for 9 cases and
7 controls.
Table 1 shows the prevalence of Cryptosporidium in cases and controls within categories of
age, sex, season, and type of diarrhea (MSD or LSD). Prevalence was higher in cases than in
controls for both MSD (12.2% vs. 4.8%, p<0.001) and LSD (11.5% vs. 4.6%, p<0.001). Crypto-
sporidium prevalence was similar in children with MSD (167/1381, 12.1%) and LSD (64/557,
11.5%) (p = 0.71 by z-test for proportions).
Proportion of Cryptosporidium-positive cases attributable to
Cryptosporidium
AFE was estimated as 76% and 70% for MSD at ages 0–11 months and 12–23 months, respec-
tively. The corresponding estimates for LSD were 65% and 64%. For the age range 0–23
months, AFE was 73% for MSD and 65% for LSD.
Cryptosporidium infection in rural Gambian children
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Prevalence of Cryptosporidium infection by age and sex
Cryptosporidium prevalence was higher in cases than in controls within all age groups and for
both males and females (Table 1). Prevalence in cases was much higher in children aged 6–23
months than in younger infants or children aged 24–59 months, and similar between males
and females. Odds ratios for Cryptosporidium prevalence in cases versus controls were also
highest at ages 6–23 months. Prevalence in cases was similar for males and females.
Prevalence of Cryptosporidium by season
Cryptosporidium prevalence was higher in cases than in controls in both the dry and wet sea-
sons (Table 1). Furthermore, relative to dry season, Cryptosporidium is much more prevalent
in both cases and controls during the wet and rainy season (May-October). The overall preva-
lence of Cryptosporidium in both cases and controls usually started to rise in May, with a peak
between July and October (Fig 2). Cryptosporidium diarrhea cases peaked in September
(28.3% of all cases) and October (28.2% of cases); prevalence was low between January and
April (range, 0.64%-2.8%).
Prevalence of Cryptosporidium species
Cryptosporidium results from the TaqMan assay were available for 1506 stool samples (759
cases and 747 controls); 280 (18.6%) of these were positive for Cryptosporidium by TaqMan
PCR, 121 (8.0%) were positive by EIA, and 104 (6.9%) were positive by both assays. The Taq-
Man assay was used to identify samples positive for C. hominius or C. parvum. Of the 280 posi-
tives by Taqman, 119 (42.5%) were positive for C. hominis, and 20 (7.1%) were positive for C.
Table 1. Prevalence of Cryptosporidium in diarrhea cases and their matched controls by age, sex, season of enrollment and type of diarrhea.
Diarrhea cases (N = 1929) Matched controls (N = 2962)
Cryptosporidium positive/ Totala
n/N (%)
Cryptosporidium positive/Totala
n/N (%)
Odds ratio (95% CI)b pb
Age (months)c
0–5 14/160 (8.8) 9/209 (4.3) 2.0 (0.8–4.8) 0.120
6–11 99/580 (17.1) 54/833 (6.5) 3.7 (2.4–5.6) <0.001
12–17 56/452 (12.4) 35/636 (5.5) 2.5 (1.6–4.2) <0.001
18–23 43/359 (12.0) 23/531 (4.3) 3.0 (1.7–5.2) <0.001
24–59 19/378 (5.0) 20/753 (2.7) 2.0 (1.0–3.8) 0.051
Sexc
Male 131/1043 (12.6) 63/1588 (4.0) 3.9 (2.7–5.6) <0.001
Female 100/886 (11.3) 78/1374 (5.7) 2.1 (1.5–2.9) <0.001
Seasonc
Dry (Nov-April) 43/920 (4.7) 30/1467 (2.0) 2.7 (1.6–4.3) <0.001
Wet (May-Oct) 188/1009 (18.6) 111/1495 (7.4) 2.9 (2.2–3.9) <0.001
Type of diarrhea
MSD 167/1372 (12.2) 105/2180 (4.8) 2.9 (2.2–3.9) <0.001
LSD 64/557 (11.5) 36/782 (4.6) 2.7 (1.7–4.2) <0.001
a Total shown is the number with a non-missing result for presence of Cryptosporidium; the result was missing for 9 cases and 7 controls.
b From conditional logistic regression using the Firth penalized likelihood.
c Controls are classified in the same age group, sex and season as the corresponding case. The selection criteria for controls resulted in some controls who were 6 months
of age when the case was 5 months of age, and vice versa. Similar differences between case and control age occurred for ages 17 months and 18 months. Season was also
different for cases and controls in some cases.
https://doi.org/10.1371/journal.pntd.0007607.t001
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parvum and 5 (1.8%) were positive for both. Among 144 samples with both species identified,
only C. hominis was in 119 (82.6%), only C. parvum in 20 (13.9%), and both C. hominis and C.
parvum was in 5 (3.5%). C. hominis was more frequently positive in cases than in controls (78/
753, 10.4% vs. 46/741, 6.2%; p = 0.004). The frequencies of C. parvum were similar in cases and
controls (12/746, 1.6% vs. 13/739, 1.8%; p = 0.82).
Risk factors for Cryptosporidium-positive diarrhea
Analysis of risk factors included 231 Cryptosporidium-positive diarrhea cases and 349 matched
controls; 36 (10.3%) of the controls were positive for Cryptosporidium infection (Table 2). One
hundred sixty-seven (72.3%) of the cases had MSD and 64 (27.7%) had LSD. Since controls
were matched to cases by age and sex, no analysis of these variables was done. Results of uni-
variable conditional regression analyses are summarized in Table 2 for socioeconomic charac-
teristics, animals living in the compound, water source and hygiene, breast feeding status,
nutritional status, and the presence of other putative pathogens.
In Table 2, the median numbers of household members for Cryptosporidium-positive diar-
rhea cases and their matched controls were 25 (range, 3–112) and 34 (range, 3–118), respec-
tively. The mean number of household members and the proportion households with more
than 20 members were significantly higher in controls than in cases.
Children with Cryptosporidium-positive diarrhea were significantly more likely than their
matched controls to live in a compound with a cat, cow or rodents. Fowl (chicken, duck or
other birds) living in the compound was more common in controls than cases.
Cryptosporidium-positive diarrhea was significantly associated with drinking stored water
at home in the last two weeks and drinking water usually filtered through a cloth. The
Fig 2. Prevalence of Cryptosporidium in diarrhea cases and controls in relation with months, years (2008–2012) and rainfall.
https://doi.org/10.1371/journal.pntd.0007607.g002
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Table 2. Association of risk factors with Cryptosporidium diarrhea: univariable conditional logistic regression analysis.
Exposure Cryptosporidium cases
(N = 231)
n (%)
Matched controls
(N = 349)
n (%)
Odds
Ratio
95% CI Pa
Demographic characteristics
Sex: Femaleb 100 (43.3) 153 (43.8) - - —
Age stratum (months)b
0–11 113 (48.9) 167 (47.9) - - —
12–23 99 (42.9) 147 (42.1) - - —
24–59 19 (8.2) 35 (10.0) - - —
Socioeconomic characteristics
Primary caretaker
Mother 227 (98.3) 347 (99.4) 0.36 0.06–2.0 0.24
Completed primary schooling 17/229 (7.4) 22/347 (6.3) 1.1 0.51–2.2 0.89
Respondent: Mother 227 (98.3) 348 (99.7) 0.22 0.03–1.7 0.15
Mother lives in household 229 (99.1) 347 (99.4) 0.84 0.12–6.1 0.87
Father lives in household 172 (74.5) 257 (73.6) 1.0 0.68–1.6 0.87
Housing: non-finished floor 27 (11.7) 40 (11.5) 0.9 0.58–1.9 0.90
Mean wealth indexc (SD) 0.02 (0.99) 0.05 (0.94) 1.0 0.80–1.3 0.99
Number of household members in last 6 months (in units of 5)
Mean (SD)
Median (min, max)
6.0 (3.9)
5.0 (0.6, 22.4)
7.7 (4.8)
6.8 (0.6, 23.6)
0.88 0.84–
0.93
<0.001
>20 people 142 (61.5) 257 (73.6) 0.52 0.35–
0.77
0.001
Animals living in the compound
Goat 175 (75.8) 280 (80.2) 0.77 0.50–1.2 0.24
Sheep 172 (74.5) 271 (77.7) 0.82 0.55–1.2 0.35
Dog 60 (26.0) 76 (21.8) 1.4 0.85–2.2 0.19
Cat 70 (30.3) 52 (14.9) 2.4 1.5–3.6 <0.001
Cow 86 (37.2) 73 (20.9) 2.9 1.8–4.6 <0.001
Horse or Donkey 151 (65.4) 22 6 (64.8) 0.91 0.60–1.4 0.64
Rodents 180 (77.9) 244 (69.9) 1.8 1.2–2.7 0.008
Fowl (Chicken, duck or other birds) 193 (83.5) 311 (89.1) 0.54 0.31–
0.92
0.023
Water source and hygiene
Improved drinking waterd used in last two weeks 127 (55.0) 194 (55.6) 0.98 0.66–1.5 0.91
Child drank stored water at home in last two weeks 205 (88.7) 254 (72.9) 5.5 2.7–10.9 <0.001
Usually treat (filter) drinking water through clothe 67 (29.0) 77 (22.1) 1.6 1.0–2.7 0.043
Usually dispose of child’s feces in yard, bush, open spaces 13 (5.6) 10 (2.9) 2.2 0.87–5.6 0.087
The Household most commonly uses an improved toilet compared to a
traditional pit toilet
7 (3.0) 4 (1.2) 2.6 0.75–9.2 0.13
Current breast feeding status by age strata
Partial or exclusive breast feeding 180 (77.9) 270 (77.4) 0.87 0.46–1.6 0.67
0–11 months 112/113 (99.1) 165/167 (98.8) 1.1 0.10–
11.4
0.96
12–23 months 66/99 (66.7) 104/147 (70.7) 0.75 0.38–1.5 0.42
24–59 months 2/19 (10.5) 1/349 (2.9) 2.7 0.25
28.9
0.41
Nutritional status
Stunted (height for age Z-score < -2) 60 (26.0) 89/348 (25.6) 1.1 0.71–1.6 0.77
Presence of other pathogensf
(Continued)
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proportions of cases and controls currently being breast fed, as well as the proportions of cases
and controls with stunting, were similar and not significantly different.
The proportion of Cryptosporidium-positive diarrhea cases co-infected with Giardia, the
most common protozoal co-infection, was significantly lower than the proportion in their
matched controls. No other co-infection evaluated was significantly associated with Cryptospo-
ridium-positive diarrhea.
Table 2. (Continued)
Exposure Cryptosporidium cases
(N = 231)
n (%)
Matched controls
(N = 349)
n (%)
Odds
Ratio
95% CI Pa
Rotavirus 8 (3.5) 7 (2.0) 2.3 0.66–8.3 0.19
Norovirus GII 13 (5.6) 20 (5.7) 0.94 0.44–2.0 0.87
Adenovirus 40/41 1 (0.4) 1 (0.3) 1.4 0.08–
23.6
0.81
Shigella 5 (2.2) 3 (0.9) 2.9 0.68–
12.6
0.15
ETEC-ST 24 (10.4) 31 (8.9) 1.1 0.60–2.0 0.79
Giardia 28 (12.1) 99 (28.4) 0.33 0.20–
0.55
<0.001
Entamoeba histolytica 0(0.0) 1 (0.29) - - -
Ascaris lumbricoides 5/117 (4.3) 9/163 (5.5) 0.74 0.25–2.2 0.60
a From conditional logistic regression using the Firth penalized likelihood.
bConditional logistic regression analysis was not done for age and sex, since controls were matched to cases by these variables.
SD = Standard deviation
c Wealth index was calculated by factor analysis, using electricity in the household and ownership of television, radio, phone, bike, car, boat, refrigerator and finished
floor (y/n) and number of sleeping rooms in the household [29].
dImproved drinking water: The main source of drinking water in the last 2 weeks for household members is either piped into house or yard, public tap, deep or shallow
tube well, covered well or bore hole, takes <15 mins to collect, and is available daily.
eCompared to no usual treatment of drinking water or other methods of treatment
fPathogens most strongly associated with moderate-to-severe diarrhea, as well as parasitic infections, are included in the list of other pathogens.
https://doi.org/10.1371/journal.pntd.0007607.t002
Table 3. Association of risk factors with Cryptosporidium-positive MSD and LSD separately: Multivariable conditional logistic regression analysis.
Cryptosporidium-positive MSD Cryptosporidium-
positive LSD
Exposures OR1 95% CI2 OR1 95% CI2 P�
Number of regular household members in last 6 weeks (in units of 5) 0.87 0.81–0.93 0.82 0.71–0.94 0.41
Animals living in the compound
Cow 2.1 1.1–3.9 16.7 3.2–87.5 0.022
Cat 3.5 1.8–6.8 0.43 0.14–1.3 0.001
Rodents 1.5 0.82–2.7 5.4 1.5–18.9 0.069
Fowl (chicken, duck or other birds) 0.38 0.17–0.82 0.19 0.04–0.87 0.43
Child drank stored drinking water at home in last 2 weeks 4.6 2.0–10.2 2.9 0.24–34.0 0.73
Mixed infection with Giardia 0.29 0.14–0.60 0.18 0.05–0.67 0.54
1 OR: odds ratio
2 CI: confidence interval
� p-value for testing difference between ORs for MSD and LSD (i.e., for interaction with MSD/LSD indicator variable).
https://doi.org/10.1371/journal.pntd.0007607.t003
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Table 3 summarizes the results of multivariable conditional logistic regression modeling for
associations with Cryptosporidium-positive diarrhea. Inclusion of interactions with an MSD/
LSD indicator variable allowed development of separate models for Cryptosporidium-positive
MSD and Cryptosporidium-positive LSD. All factors in the table were significantly associated
(95% confidence interval for odds ratio did not include 1) for either MSD, LSD, or both. There
was an increased risk of Cryptosporidium-positive MSD and/or LSD for certain animals (cow,
cat, rodents) in the household, as well as the child drinking stored drinking water at home in
the last two weeks. There were significant differences (p< 0.05 for interaction term) between
MSD and LSD for odds ratios for a cow or cat living in the compound and a suggestion of a
difference (p = 0.069) for rodents in the compound. There was no evidence of a difference
between MSD and LSD in the association with number of people living in the household (in
units of 5 individuals), child consuming stored drinking water at home in the last two weeks,
fowl living in the compound or mixed infection with Giardia.
Discussion
Our findings in this comprehensive population-based epidemiological study of endemic Cryp-
tosporidium infection in young Gambian children show a striking association of Cryptosporid-
ium-positive diarrhea with age, with nearly all cases (86%) occurring in children 6–23 months
of age. A similar trend with a lower overall prevalence of Cryptosporidium-positive diarrhea,
was observed in a study conducted in urban Gambia during 1991–1992 [18]. Other studies in
sub-Saharan Africa have shown roughly similar prevalence but may lack the representativeness
of long-term population-based studies with improved diagnostic techniques [21]. The low
prevalence in infants 0–5 months of age may be explained by exclusive breast feeding [31] or
transfer of immunity from mother to child. The high prevalence at 6–23 months of age may be
due to exposure to contaminated food and/or water in the weaning period. Stenberg et al.
demonstrated in a sero-prevalence study in Guatemala that the prevalence of antibody to Cryp-
tosporidium parvum increased at older ages compared to those aged 6–12 months [32]. Fur-
thermore, a study in healthy adult volunteers showed that higher anti-Cryptosporidium IgG
antibody levels were associated with a reduced chance of infection and illness when challenged
with low Cryptosporidium oocyst doses [33]. Thus, the low prevalence of Cryptosporidium in
children 24–59 months of age may relate to the development of immunity following earlier
infection. A decreased risk of infection in older children due to the development of partial
immunity from earlier exposure would suggest that a vaccine may protect against Cryptospo-
ridium infection.
The population HIV prevalence is low in our study area (<2%) [22]. Our findings show
that Cryptosporidium is an important infection in young children even in a population with
low HIV prevalence.
C. hominis is the predominant among identified species of C. hominis and C. Parvum
(82.6% vs. 13.9%) in the Gambia. This finding is consistent with results from other studies in
Kenya, Malawi, Uganda, Bangladesh and India [5, 11, 16, 34, 35]. It suggests that the primary
mode of transmission in The Gambia is anthroponotic transmission, although there may also
be zoonotic transmission. Either may occur through contact with contaminated drinking
water [19]. Accordingly, we found consumption of stored drinking water to be associated with
increased risk of Cryptosporidium diarrhea.
In our study, 81% of Cryptosporidium-positive diarrhea cases and 79% of Cryptosporidium-
positive controls occurred during the rainy season. Earlier studies in The Gambia [18], Mada-
gascar [36], Guinea-Bissau [37], Brazil [38, 39] and India [40] found associations between
Cryptosporidium diarrhea and rainy season. The association of rainfall and Cryptosporidium
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infection could be due to domestic use of surface water, contamination of unprotected wells,
and poor hygiene practices. In the rainy season, surface water may be more often contami-
nated with human and animal feces, so that children playing in the contaminated surface or
stagnant water could facilitate the transmission of Cryptosporidium. However, Cryptosporid-
ium infection has also been observed predominantly in the dry season in Kenya and Guate-
mala, when drinking water is limited [34, 41].
In our study area, drinking water is usually stored in wide-mouth containers. Household
members and children use their hands to dip a cup into the water storage container to obtain
drinking water, which may further contaminate the water. The chance of contamination may
be increased with prolonged storage and handling if the storage container is not frequently
cleaned. Further exploration of storage practices, sanitation and hygiene measures for collec-
tion of water and removing water from the container, as well as further laboratory analysis of
potable water from the source to storage and point of consumption may all help to establish
the source of infection.
Contrary to the findings of an association of household overcrowding with increased risk of
cryptosporidiosis, our study found the opposite. The reasons for this negative association are
not clear. In an urban area, close proximity of houses, overcrowding, close personal contract
and lack of sanitary facilities may contribute to the spread of C. hominis infection [42]. Perhaps
in a rural setting, the greater physical space available per person leads to less close contact
between children in the household.
We found that the presence in the compound of domestic animals (cattle and cats) and the
presence of rodents in the compound were potential risk factors for Cryptosporidium diarrhea.
Association of Cryptosporidium diarrhea with the presence of animals was also found in
Guinea Bissau and Guatemala [41, 43]. We believe that our study is the first to suggest an asso-
ciation between rodents living in a household and the presence of Cryptosporidium diarrhea.
Human carriage of Cryptosporidium muris, a predominantly rodent pathogen, and rodents
have been identified as reservoirs of C. parvum and C. hominis [44, 45].
The presence of Giardia was inversely associated with Cryptosporidium diarrhea. Similarly,
a longitudinal analysis in another study showed no evidence of an association between Giardia
infection and an increased risk of diarrhea [46]. In a systematic review, giardiasis was associ-
ated with decreased risk of acute diarrhea in children in developing countries [47]; however,
the same review found that Giardia infection was positively associated with persistent diarrhea
and suggested that initial Giardia infections early in infancy may be positively associated with
diarrhea. Giardia may secrete mucins and glycoproteins in the intestinal mucosal layer, which
may protect against attachment of other pathogens including Cryptosporidium, and such a
mechanism may protect against Cryptosporidium-positive diarrhea [48].
A limitation of the study is that only about 68% of Cryptosporidium-positive diarrhea cases
can be attributed to Cryptosporidium. Thus, some of the risk factor associations that we found
could be at least partially due to factors other than the presence of Cryptosporidium. However,
it is clear both from the present study and other studies that infants and young children in
developing countries with Cryptosporidium-positive diarrhea are at risk of negative health con-
sequences and that reducing the level of Cryptosporidium infection is an important public
health concern in these countries.
Conclusion
Our study establishes that Cryptosporidium is an important cause of childhood diarrhea in The
Gambia. Data from the ongoing rotavirus vaccine impact study will help us understand the
burden of Cryptosporidium infection in Africa after introduction of rotavirus vaccine in
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routine immunization programs. The drinking stored water and animals living in the house-
hold are associated with Cryptosporidium-positive diarrhea. The predominance of C. hominis
suggests anthroponotic transmission of Cryptosporidium infection. Associations of Cryptospo-
ridium-positive diarrhea with drinking of stored water and animals living in the household
suggest there may also be zoonotic transmission. Thus, general improved hygienic practices to
store drinking water may reduce transmission of Cryptosporidium. The role of animals in the
transmission of Cryptosporidium, the methods of drinking water storage, and sanitation and
hygiene measures used for taking water from the water storage containers merit further study.
Acknowledgments
The authors acknowledge the Regional Health Team (RHT), Basse for their continuous sup-
port and co-operation in conducting this study, and caregivers of the study children who pro-
vided their kind approval to participate in this study. We acknowledge also the hard work of
the nursing staff and field workers in screening and recruiting study participants. We acknowl-
edge the nurse field coordinators Edrissa Sabally and Sampa Sanneh, the field supervisors Bak-
ary Jallow for quality control and co-ordinating the field and nursing team. Our special thanks
and acknowledgment to Golam Sarwar, Ousman Bittaye, Manlafi, Salifou Sambou for co-ordi-
nating subject tracing in DSS link, organizing the data and sending data to the Data Coordi-
nating Center. We thank Pa Cheboh Saine for logistical support.
Dr. Hossain is a clinical epidemiologist and medical graduate working in the Disease Con-
trol and Elimination Theme of the Medical Research Council Unit The Gambia at the London
School of Hygiene & Tropical Medicine. He worked in icddr,b, Bangladesh and led outbreak
investigations. His research interests are diarrheal diseases, emerging infections and infectious
diseases.
Author Contributions
Conceptualization: M. Jahangir Hossain, Richard A. Adegbola, Karen L. Kotloff, Myron M.
Levine.
Data curation: M. Jahangir Hossain, William C. Blackwelder, Anna W. Roose, Karen L. Kotl-
off, Myron M. Levine.
Formal analysis: M. Jahangir Hossain, William C. Blackwelder, Anna W. Roose, Karen L.
Kotloff, Myron M. Levine.
Funding acquisition: Myron M. Levine.
Investigation: M. Jahangir Hossain, Debasish Saha, Martin Antonio, Dilruba Nasrin, Usman
N. Ikumapayi, Richard A. Adegbola, Karen L. Kotloff, Myron M. Levine.
Methodology: M. Jahangir Hossain, Debasish Saha, Richard A. Adegbola, Anna W. Roose,
Karen L. Kotloff, Myron M. Levine.
Project administration: M. Jahangir Hossain, Debasish Saha, Martin Antonio, Dilruba Nas-
rin, Usman N. Ikumapayi, Grant A. Mackenzie, Mitchell Adeyemi, Momodou Jasseh, Rich-
ard A. Adegbola, Anna W. Roose, Karen L. Kotloff, Myron M. Levine.
Resources: M. Jahangir Hossain, Martin Antonio, Dilruba Nasrin, Usman N. Ikumapayi,
Mitchell Adeyemi, Momodou Jasseh, Richard A. Adegbola, Anna W. Roose, Karen L. Kotl-
off, Myron M. Levine.
Supervision: M. Jahangir Hossain, Martin Antonio, Usman N. Ikumapayi, Grant A. Macken-
zie, Mitchell Adeyemi, Momodou Jasseh, Karen L. Kotloff, Myron M. Levine.
Cryptosporidium infection in rural Gambian children
PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0007607 July 26, 2019 12 / 16
Validation: M. Jahangir Hossain, Debasish Saha, William C. Blackwelder, Mitchell Adeyemi,
Anna W. Roose, Karen L. Kotloff, Myron M. Levine.
Visualization: M. Jahangir Hossain, Debasish Saha, William C. Blackwelder, Usman N. Iku-
mapayi, Mitchell Adeyemi, Anna W. Roose, Karen L. Kotloff, Myron M. Levine.
Writing – original draft: M. Jahangir Hossain.
Writing – review & editing: Debasish Saha, Martin Antonio, Dilruba Nasrin, William C.
Blackwelder, Usman N. Ikumapayi, Grant A. Mackenzie, Mitchell Adeyemi, Momodou Jas-
seh, Richard A. Adegbola, Anna W. Roose, Karen L. Kotloff, Myron M. Levine.
References
1. Liu L, Oza S, Hogan D, Perin J, Rudan I, Lawn JE, et al. Global, regional, and national causes of child
mortality in 2000–13, with projections to inform post-2015 priorities: an updated systematic analysis.
Lancet. 2015; 385(9966):430–40. https://doi.org/10.1016/S0140-6736(14)61698-6 PMID: 25280870.
2. Hunter PR, Nichols G. Epidemiology and clinical features of Cryptosporidium infection in immunocom-
promised patients. Clin Microbiol Rev. 2002; 15(1):145–54. Epub 2002/01/10. https://doi.org/10.1128/
CMR.15.1.145-154.2002 PMID: 11781272; PubMed Central PMCID: PMC118064.
3. Shirley DA, Moonah SN, Kotloff KL. Burden of disease from cryptosporidiosis. Curr Opin Infect Dis.
2012; 25(5):555–63. Epub 2012/08/22. https://doi.org/10.1097/QCO.0b013e328357e569 PMID:
22907279.
4. Iqbal A, Lim YA, Surin J, Sim BL. High diversity of Cryptosporidium subgenotypes identified in Malay-
sian HIV/AIDS individuals targeting gp60 gene. PLoS One. 2012; 7(2):e31139. Epub 2012/02/22.
https://doi.org/10.1371/journal.pone.0031139 PMID: 22347442; PubMed Central PMCID:
PMC3275556.
5. Tumwine JK, Kekitiinwa A, Bakeera-Kitaka S, Ndeezi G, Downing R, Feng X, et al. Cryptosporidiosis
and microsporidiosis in ugandan children with persistent diarrhea with and without concurrent infection
with the human immunodeficiency virus. Am J Trop Med Hyg. 2005; 73(5):921–5. Epub 2005/11/12.
PMID: 16282304.
6. Kotloff KL, Nataro JP, Blackwelder WC, Nasrin D, Farag TH, Panchalingam S, et al. Burden and aetiol-
ogy of diarrhoeal disease in infants and young children in developing countries (the Global Enteric Multi-
center Study, GEMS): a prospective, case-control study. Lancet. 2013; 382(9888):209–22. Epub 2013/
05/18. https://doi.org/10.1016/S0140-6736(13)60844-2 PMID: 23680352.
7. Sow SO, Muhsen K, Nasrin D, Blackwelder WC, Wu Y, Farag TH, et al. The Burden of Cryptosporidium
Diarrheal Disease among Children < 24 Months of Age in Moderate/High Mortality Regions of Sub-
Saharan Africa and South Asia, Utilizing Data from the Global Enteric Multicenter Study (GEMS). PLoS
Negl Trop Dis. 2016; 10(5):e0004729. Epub 2016/05/25. https://doi.org/10.1371/journal.pntd.0004729
PMID: 27219054; PubMed Central PMCID: PMC4878811.
8. Platts-Mills JA, Babji S, Bodhidatta L, Gratz J, Haque R, Havt A, et al. Pathogen-specific burdens of
community diarrhoea in developing countries: a multisite birth cohort study (MAL-ED). The Lancet
Global health. 2015; 3(9):e564–75. Epub 2015/07/24. https://doi.org/10.1016/S2214-109X(15)00151-5
PMID: 26202075.
9. Platts-Mills JA, Liu J, Rogawski ET, Kabir F, Lertsethtakarn P, Siguas M, et al. Use of quantitative
molecular diagnostic methods to assess the aetiology, burden, and clinical characteristics of diarrhoea
in children in low-resource settings: a reanalysis of the MAL-ED cohort study. The Lancet Global health.
2018; 6(12):e1309–e18. Epub 2018/10/06. https://doi.org/10.1016/S2214-109X(18)30349-8 PMID:
30287127; PubMed Central PMCID: PMC6227251.
10. Molbak K, Andersen M, Aaby P, Hojlyng N, Jakobsen M, Sodemann M, et al. Cryptosporidium infection
in infancy as a cause of malnutrition: a community study from Guinea-Bissau, west Africa. Am J Clin
Nutr. 1997; 65(1):149–52. Epub 1997/01/01. https://doi.org/10.1093/ajcn/65.1.149 PMID: 8988927.
11. Korpe PS, Haque R, Gilchrist C, Valencia C, Niu F, Lu M, et al. Natural History of Cryptosporidiosis in a
Longitudinal Study of Slum-Dwelling Bangladeshi Children: Association with Severe Malnutrition. PLoS
Negl Trop Dis. 2016; 10(5):e0004564. Epub 2016/05/06. https://doi.org/10.1371/journal.pntd.0004564
PMID: 27144404; PubMed Central PMCID: PMC4856361.
12. Khalil IA, Troeger C, Rao PC, Blacker BF, Brown A, Brewer TG, et al. Morbidity, mortality, and long-
term consequences associated with diarrhoea from Cryptosporidium infection in children younger than
5 years: a meta-analyses study. The Lancet Global health. 2018; 6(7):e758–e68. Epub 2018/06/16.
Cryptosporidium infection in rural Gambian children
PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0007607 July 26, 2019 13 / 16
https://doi.org/10.1016/S2214-109X(18)30283-3 PMID: 29903377; PubMed Central PMCID:
PMC6005120.
13. Rogawski ET, Liu J, Platts-Mills JA, Kabir F, Lertsethtakarn P, Siguas M, et al. Use of quantitative
molecular diagnostic methods to investigate the effect of enteropathogen infections on linear growth in
children in low-resource settings: longitudinal analysis of results from the MAL-ED cohort study. The
Lancet Global health. 2018; 6(12):e1319–e28. Epub 2018/10/06. https://doi.org/10.1016/S2214-109X
(18)30351-6 PMID: 30287125; PubMed Central PMCID: PMC6227248.
14. Guerrant DI, Moore SR, Lima AA, Patrick PD, Schorling JB, Guerrant RL. Association of early childhood
diarrhea and cryptosporidiosis with impaired physical fitness and cognitive function four-seven years
later in a poor urban community in northeast Brazil. Am J Trop Med Hyg. 1999; 61(5):707–13. Epub
1999/12/10. https://doi.org/10.4269/ajtmh.1999.61.707 PMID: 10586898.
15. Wegayehu T, Adamu H, Petros B. Prevalence of Giardia duodenalis and Cryptosporidium species
infections among children and cattle in North Shewa Zone, Ethiopia. BMC Infect Dis. 2013; 13:419.
Epub 2013/09/10. https://doi.org/10.1186/1471-2334-13-419 PMID: 24010794; PubMed Central
PMCID: PMC3849630.
16. Morse TD, Nichols RA, Grimason AM, Campbell BM, Tembo KC, Smith HV. Incidence of cryptosporidi-
osis species in paediatric patients in Malawi. Epidemiol Infect. 2007; 135(8):1307–15. Epub 2007/01/
17. https://doi.org/10.1017/S0950268806007758 PMID: 17224087; PubMed Central PMCID:
PMC2870691.
17. Adjei AA, Armah H, Rodrigues O, Renner L, Borketey P, Ayeh-Kumi P, et al. Cryptosporidium Spp., a
frequent cause of diarrhea among children at the Korle-Bu Teaching Hospital, Accra, Ghana. Jpn J
Infect Dis. 2004; 57(5):216–9. Epub 2004/10/28. PMID: 15507781.
18. Adegbola RA, Demba E, De Veer G, Todd J. Cryptosporidium infection in Gambian children less than 5
years of age. J Trop Med Hyg. 1994; 97(2):103–7. Epub 1994/04/01. PMID: 8169999.
19. Korpe PS, Valencia C, Haque R, Mahfuz M, McGrath M, Houpt E, et al. Epidemiology and Risk Factors
for Cryptosporidiosis in Children from Eight Low-income Sites: Results from the MAL-ED Study. Clinical
infectious diseases: an official publication of the Infectious Diseases Society of America. 2018. Epub
2018/04/28. https://doi.org/10.1093/cid/ciy355 PMID: 29701852.
20. Xiao L. Molecular epidemiology of cryptosporidiosis: an update. Exp Parasitol. 2010; 124(1):80–9.
Epub 2009/04/11. https://doi.org/10.1016/j.exppara.2009.03.018 PMID: 19358845.
21. Mor SM, Tzipori S. Cryptosporidiosis in children in Sub-Saharan Africa: a lingering challenge. Clinical
infectious diseases: an official publication of the Infectious Diseases Society of America. 2008; 47
(7):915–21. Epub 2008/08/22. https://doi.org/10.1086/591539 PMID: 18715159; PubMed Central
PMCID: PMC2724762.
22. The Gambia Global AIDS Response Progress Report, 15th April 2015. National AIDS Secretariat Office
of The President 15 April 2015. http://www.unaids.org/sites/default/files/country/documents/GMB_
narrative_report_2015.pdf (accessed on May 1, 2017).
23. World Bank, World Development Indicators, 2018 The World Bank Group. https://databank.worldbank.
org/data/reports.aspx?source=2&country=GMB. Accessed on December 24, 2018
24. Kotloff KL, Blackwelder WC, Nasrin D, Nataro JP, Farag TH, van Eijk A, et al. The Global Enteric Multi-
center Study (GEMS) of diarrheal disease in infants and young children in developing countries: epide-
miologic and clinical methods of the case/control study. Clinical infectious diseases: an official
publication of the Infectious Diseases Society of America. 2012; 55 Suppl 4:S232–45. Epub 2012/11/
28. https://doi.org/10.1093/cid/cis753 PMID: 23169936; PubMed Central PMCID: PMC3502307.
25. WHO. The treatment of diarrhoea. A mannual for physicians and other serior health workers. Geneva,
Switzerland; 2005. http://whqlibdoc.who.int/publications/2005/9241593180.pdf
26. Panchalingam S, Antonio M, Hossain A, Mandomando I, Ochieng B, Oundo J, et al. Diagnostic microbi-
ologic methods in the GEMS-1 case/control study. Clinical infectious diseases: an official publication of
the Infectious Diseases Society of America. 2012; 55 Suppl 4:S294–302. Epub 2012/11/28. https://doi.
org/10.1093/cid/cis754 PMID: 23169941; PubMed Central PMCID: PMC3502308.
27. Liu J, Kabir F, Manneh J, Lertsethtakarn P, Begum S, Gratz J, et al. Development and assessment of
molecular diagnostic tests for 15 enteropathogens causing childhood diarrhoea: a multicentre study.
The Lancet Infectious diseases. 2014; 14(8):716–24. https://doi.org/10.1016/S1473-3099(14)70808-4
PMID: 25022434.
28. Team RC. R: A language and environment for statistical computing. R Foundation for Statistical Com-
puting, Vienna, Austria. http://www.R-project.org/. 2014.
29. Filmer D, Pritchett LH. Estimating wealth effects without expenditure data—or tears: an application to
educational enrollments in states of India. Demography. 2001; 38(1):115–32. Epub 2001/03/03. https://
doi.org/10.1353/dem.2001.0003 PMID: 11227840.
Cryptosporidium infection in rural Gambian children
PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0007607 July 26, 2019 14 / 16
30. Kotloff KL, Nasrin D, Blackwelder WC, Wu Y, Farag T, Panchalingham S, et al. The incidence, aetiol-
ogy, and adverse clinical consequences of less severe diarrhoeal episodes among infants and children
residing in low-income and middle-income countries: a 12-month case-control study as a follow-on to
the Global Enteric Multicenter Study (GEMS). The Lancet Global health. 2019; 7(5):e568–e84. Epub
2019/04/20. https://doi.org/10.1016/S2214-109X(19)30076-2 PMID: 31000128; PubMed Central
PMCID: PMC6484777.
31. Korpe PS, Liu Y, Siddique A, Kabir M, Ralston K, Ma JZ, et al. Breast milk parasite-specific antibodies
and protection from amebiasis and cryptosporidiosis in Bangladeshi infants: a prospective cohort study.
Clinical infectious diseases: an official publication of the Infectious Diseases Society of America. 2013;
56(7):988–92. https://doi.org/10.1093/cid/cis1044 PMID: 23243179; PubMed Central PMCID:
PMC3588117.
32. Steinberg EB, Mendoza CE, Glass R, Arana B, Lopez MB, Mejia M, et al. Prevalence of infection with
waterborne pathogens: a seroepidemiologic study in children 6–36 months old in San Juan Sacatepe-
quez, Guatemala. Am J Trop Med Hyg. 2004; 70(1):83–8. Epub 2004/02/20. PMID: 14971703.
33. Chappell CL, Okhuysen PC, Sterling CR, Wang C, Jakubowski W, Dupont HL. Infectivity of Cryptospo-
ridium parvum in healthy adults with pre-existing anti-C. parvum serum immunoglobulin G. Am J Trop
Med Hyg. 1999; 60(1):157–64. Epub 1999/02/13. https://doi.org/10.4269/ajtmh.1999.60.157 PMID:
9988341.
34. Gatei W, Wamae CN, Mbae C, Waruru A, Mulinge E, Waithera T, et al. Cryptosporidiosis: prevalence,
genotype analysis, and symptoms associated with infections in children in Kenya. Am J Trop Med Hyg.
2006; 75(1):78–82. Epub 2006/07/14. PMID: 16837712.
35. Kattula D, Jeyavelu N, Prabhakaran AD, Premkumar PS, Velusamy V, Venugopal S, et al. Natural His-
tory of Cryptosporidiosis in a Birth Cohort in Southern India. Clinical infectious diseases: an official publi-
cation of the Infectious Diseases Society of America. 2017; 64(3):347–54. Epub 2016/12/26. https://doi.
org/10.1093/cid/ciw730 PMID: 28013266; PubMed Central PMCID: PMC5241779.
36. Areeshi M, Dove W, Papaventsis D, Gatei W, Combe P, Grosjean P, et al. Cryptosporidium species
causing acute diarrhoea in children in Antananarivo, Madagascar. Ann Trop Med Parasitol. 2008; 102
(4):309–15. Epub 2008/05/31. https://doi.org/10.1179/136485908X278793 PMID: 18510811.
37. Perch M, Sodemann M, Jakobsen MS, Valentiner-Branth P, Steinsland H, Fischer TK, et al. Seven
years’ experience with Cryptosporidium parvum in Guinea-Bissau, West Africa. Ann Trop Paediatr.
2001; 21(4):313–8. Epub 2001/12/06. PMID: 11732149.
38. Pereira MD, Atwill ER, Barbosa AP, Silva SA, Garcia-Zapata MT. Intra-familial and extra-familial risk
factors associated with Cryptosporidium parvum infection among children hospitalized for diarrhea in
Goiania, Goias, Brazil. Am J Trop Med Hyg. 2002; 66(6):787–93. Epub 2002/09/13. https://doi.org/10.
4269/ajtmh.2002.66.787 PMID: 12224593.
39. Newman RD, Sears CL, Moore SR, Nataro JP, Wuhib T, Agnew DA, et al. Longitudinal study of Crypto-
sporidium infection in children in northeastern Brazil. J Infect Dis. 1999; 180(1):167–75. https://doi.org/
10.1086/314820 PMID: 10353875.
40. Das P, Roy SS, MitraDhar K, Dutta P, Bhattacharya MK, Sen A, et al. Molecular characterization of
Cryptosporidium spp. from children in Kolkata, India. J Clin Microbiol. 2006; 44(11):4246–9. Epub 2006/
09/15. https://doi.org/10.1128/JCM.00091-06 PMID: 16971647; PubMed Central PMCID:
PMC1698361.
41. Cruz JR, Cano F, Caceres P, Chew F, Pareja G. Infection and diarrhea caused by Cryptosporidium sp.
among Guatemalan infants. Journal of clinical microbiology. 1988; 26(1):88–91. PMID: 3343318;
PubMed Central PMCID: PMC266196.
42. Lake IR, Harrison FC, Chalmers RM, Bentham G, Nichols G, Hunter PR, et al. Case-control study of
environmental and social factors influencing cryptosporidiosis. European journal of epidemiology. 2007;
22(11):805–11. https://doi.org/10.1007/s10654-007-9179-1 PMID: 17891460; PubMed Central PMCID:
PMC2071968.
43. Molbak K, Aaby P, Hojlyng N, da Silva AP. Risk factors for Cryptosporidium diarrhea in early childhood:
a case-control study from Guinea-Bissau, West Africa. American journal of epidemiology. 1994; 139
(7):734–40. https://doi.org/10.1093/oxfordjournals.aje.a117064 PMID: 8166134.
44. Palmer CJ, Xiao L, Terashima A, Guerra H, Gotuzzo E, Saldias G, et al. Cryptosporidium muris, a
rodent pathogen, recovered from a human in Peru. Emerg Infect Dis. 2003; 9(9):1174–6. Epub 2003/
10/02. https://doi.org/10.3201/eid0909.030047 PMID: 14519260; PubMed Central PMCID:
PMC3016761.
45. Danisova O, Valencakova A, Stanko M, Luptakova L, Hatalova E, Canady A. Rodents as a reservoir of
infection caused by multiple zoonotic species/genotypes of C. parvum, C. hominis, C. suis, C. scro-
farum, and the first evidence of C. muskrat genotypes I and II of rodents in Europe. Acta tropica. 2017;
172:29–35. https://doi.org/10.1016/j.actatropica.2017.04.013 PMID: 28433573.
Cryptosporidium infection in rural Gambian children
PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0007607 July 26, 2019 15 / 16
46. Rogawski ET, Bartelt LA, Platts-Mills JA, Seidman JC, Samie A, Havt A, et al. Determinants and Impact
of Giardia Infection in the First 2 Years of Life in the MAL-ED Birth Cohort. J Pediatric Infect Dis Soc.
2017; 6(2):153–60. Epub 2017/02/17. https://doi.org/10.1093/jpids/piw082 PMID: 28204556; PubMed
Central PMCID: PMC5907871.
47. Muhsen K, Levine MM. A systematic review and meta-analysis of the association between Giardia lam-
blia and endemic pediatric diarrhea in developing countries. Clinical infectious diseases: an official pub-
lication of the Infectious Diseases Society of America. 2012; 55 Suppl 4:S271–93. Epub 2012/11/28.
https://doi.org/10.1093/cid/cis762 PMID: 23169940; PubMed Central PMCID: PMC3502312.
48. Muller N, von Allmen N. Recent insights into the mucosal reactions associated with Giardia lamblia
infections. Int J Parasitol. 2005; 35(13):1339–47. Epub 2005/09/27. https://doi.org/10.1016/j.ijpara.
2005.07.008 PMID: 16182298.
Cryptosporidium infection in rural Gambian children
PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0007607 July 26, 2019 16 / 16
